The methylxanthine, caffeine, is the most widely used psychoactive substance in the world. Most of the caffeine consumed comes from dietary sources such as coffee, tea, soft drinks, and chocolate. The content of caffeine of these food items ranges from 70 to 220 mg/150 mL for coffee to 30 to 40 mg/150 mL for tea, 15-35 mg/150 mL for cola drinks, and 4 mg/150 mL for chocolate drinks.^[@ref1]^ World caffeine consumption from all sources can be estimated as 76 mg/person/day, but reaches about 220 mg/day in the United States and Canada, and more than 400 mg/person/day in Sweden and Finland.^[@ref1],[@ref2]^

Caffeine acts as a psychostimulant and exerts numerous effects on the brain. These include stimulant effects on motor behavior, modulation of mood states and levels of anxiety, effects on vigilance and sleep, on information processing and performance.^[@ref3]^ In the periphery, the effects of coffee/caffeine have been studied, but at moderate doses, they do not appear to exert harmful effects on cardiovascular function.^[@ref4]^

The issue of a possible dependence on caffeine has been debated for many years.^[@ref5]-[@ref8]^ Caffeine acts as a mild reinforcer (ie, maintaining its self-administration or being preferentially chosen over placebo), although not consistently in both humans and animals.^[@ref6]^ In humans, the widely recognized behavioral stimulant and mildly reinforcing properties of caffeine are probably responsible for the maintenance of caffeine self-administration.^[@ref7],[@ref9]^ The possible physical dependence to the methyxanthine has been considered for about two decades,^[@ref5],[@ref9],[@ref10]^ but appears to be quite low compared with common drugs of abuse, such as cocaine, amphetamine, morphine, and nicotine.

The critical role of the mesolimbic dopamine system has been emphasized as underlying drug dependence.^[@ref11],[@ref12]^ This system consists of the dopaminergic neurons originating in the ventral tegmental area, projecting to the nucleus accumbens, and ending in the frontal and prefrontal cortex. Drugs of abuse selectively activate the shell of the nucleus accumbens, which belongs to the mesolimbic dopaminergic system and is currently recognized as a critical target of drugs of abuse.^[@ref13]-[@ref15]^ The shell of the nucleus accumbens plays a role in emotion, motivation, and reward functions. The laterodorsal core part of the nucleus accumbens regulates somatomotor functions. The drugs of abuse specifically increase dopamine release and functional activity (glucose utilization and blood flow) in the shell of the nucleus accumbens without affecting the core of the nucleus.^[@ref13],[@ref14]^ These druginduced changes in the shell of the nucleus accumbens have been hypothesized to relate to the general abuse liability of these drugs independently from their specific mechanism of action.^[@ref12]^

In a previous study, we investigated the effects of 1 to 10 mg/kg caffeine on local cerebral glucose utilization in rats. We showed that 1 to 5 mg/kg caffeine in the rat (70 to 350 mg for a 70-kg individual) which are in the range of normal human daily consumption^[@ref1],[@ref2]^ failed to increase metabolic levels in the shell of the nucleus accumbens.^[@ref15]^ Likewise, caffeine did not induce a release of dopamine in the shell of the nucleus accumbens when injected over a large spectrum of doses ranging from 0.5 to 30.0 mg/kg.^[@ref16],[@ref17]^ However, the high dose of 10 mg/kg caffeine in rats, no longer representative of human consumption - 7 large cups of coffee in one sitting - led to unspecific metabolic increases in the shell and the core of the nucleus accumbens, together with the activation of most motor, limbic, thalamic, and cortical regions.^[@ref15]^

The objective of the present study was to extend these approaches to the human situation and to measure the effects of caffeine on cerebral perfusion in human subjects using single photon emission computed tomography (SPECT). We measured caffeine-induced perfusion changes in a large number of brain areas, including the areas involved in the circuit of dependence and reward, mainly the nucleus accumbens and prefrontal cortex. Moreover, two groups of subjects were studied, one with a low daily coffee consumption and one with a high daily coffee consumption. They were compared with a control group not exposed to any drink to account for the intraindividual variations of perfusion between two consecutive scans.

Methods
=======

Subjects
--------

A total number of 26 normal human subjects (10 men and 16 women), ranging in age from 19 to 47 (mean age, 29.9 + 7.9 years; median, 28 years) with no history or clinical evidence of medical, neurological, or psychiatric disease participated in this study. The subjects were recruited among the healthy nonsmoking population, and met the following additional criteria: no night shiftwork, no use of any medication except for birth control, and no report of any history of alcohol or drug abuse. To exclude any morphological abnormality, cerebral magnetic resonance imaging (MRI) was performed in all cases. All subjects gave their informed written consent before the study, which was approved by the local ethical committee.

### Caffeine groups

Within the caffeine groups, the first subgroup of eight subjects consisted of a population of very low caffeine consumers or abstainers (0 to 1 cup of coffee per day, ie, less than 100 mg/day, low-consumption, LC group); the second one included six subjects who consumed elevated quantities of coffee (more than 4 cups per day, ie, over 500 mg/day) and reported feeling "dependent" on coffee (high-consumption, HC group). This was only based on the subjects\' own feelings and not on any *DSM-IV* criteria. The subjects were told that they were entering a study on the effects of caffeine on cerebral circulation, but were not informed about the exact purpose of the study, ie, the study of the specific effect of caffeine on the brain areas involved in drug dependence.

The subjects were asked to observe a 12-hour abstinence from caffeine-containing foods and beverages prior to the measurement of cerebral blood flow. Blood samples were taken at arrival at the hospital to reinforce compliance. The subjects ingested 3 mg/kg body weight caffeine or a placebo in a raspberry-tasting drink. The drinks were prepared by the pharmacy of the University Hospitals and were administered in a double -blind, randomized, counterbalanced design. The blood pressure and heart rate were measured and the mood and anxiety profiles of the subjects assessed with a specific questionnaire before and after caffeine ingestion. The questionnaire used was the State-Trait Anxiety Inventory (STAI) for adults which is the most widely used selfreport measure of tension and anxiety.

### Control group

To allow group analysis and evaluation of the inter- and intraindividual variations of cerebral perfusion, a control group of 12 healthy volunteers was included in the study. Within this group of twelve healthy volunteers (low consumers of 0 to 2 cups of coffee daily) not receiving any drink before the two SPECT examinations, eight and six were randomly selected for comparison with the LC and HC caffeine group, respectively, while the whole caffeine-consuming group was compared with the totality of the control group.

SPECT procedure
---------------

The caffeine groups subjects were subjected to two separate morning examinations upon arrival at the hospital: (i) one SPECT study after the placebo beverage; and (ii) one SPECT study after the caffeine containing beverage. The two beverages were given on two different days at 7-day interval, in a double-blind randomized counterbalanced design. Upon arrival at the clinic, the subjects were invited to relax in a comfortable armchair in a quiet and pleasant room. A venous catheter for tracer injection was immediately inserted into the left arm, and a first blood sample was taken to measure caffeine levels to check for compliance to 12 h caffeine abstinence. Heart rate and blood pressure measurements were then performed and the subjects filled in the STAI questionnaire. Then, subjects received the caffeine or placebo drink and were asked to rest in the same surrounding for 45 min. This time was chosen since caffeine reaches peak values in the brain between 45 and 60 min postingestion.^[@ref3]^ Thereafter, the subjects underwent the same procedure for the measurement of plasma caffeine levels, cardiovascular parameters, and filled in the STAI questionnaire again. Immediately afterwards, the tracer, 640-925 MBq^99m^Tc-ethyl cysteinate dimer (ECD, Neurolite, Bristol-Myers Squibb Medical Imaging), was injected into the already inserted venous catheter. The subjects were not allowed to read, write, or talk for 5 min, including the fixation period of the radiotracer.

The control group subjects were also subjected to two separate morning SPECT examinations at 7-day intervals, in the same conditions, without any beverage. This procedure was used to evaluate the intrasubject variability between two examinations and to avoid the consequences of variable spontaneous mental activity and/or possible perfusion changes induced by the stressful environment related to SPECT examination.

SPECT imaging studies were realized with a low-energy, high-resolution, double-head camera (Helix, Elscint). The camera was operated in the "stop and shoot" mode, with acquisitions at 3° intervals and a total acquisition time of 25 min (120 projections, 642 matrix). The total number of counts was superior to 6 million. Slices were reconstructed by filtered back-projection using a Metz filter (FWMH of 8 mm). Slices were acquired 30 min after the injection of ECD.

Image analysis and statistics
-----------------------------

Images were realigned with each other using affine algorithm in MEDIMAX software,^[@ref18]^ transformed into the standard anatomic space corresponding to the atlas of Talairach, and normalized in statistical parametric mapping software (SPM2, Wellcome Department of Imaging Neuroscience, London) using MATLAB (Mathworks Inc, Massachusetts) for calculations and image matrix manipulations.

After the preprocessing of SPECT images, all the statistical analysis was performed by multigroup analysis with SPM2. A voxel-by-voxel comparison according to the general linear model and I statistics was used to calculate the differences in cerebral perfusion between the two conditions (caffeine vs placebo) of caffeine groups and the differences between two conditions (rest vs rest) of the control group (LC group vs control group, HC group vs control group, and LC + HC groups vs control group). The resulting statistical parametric map was subsequently used to assign probability values (to voxels and clusters), which were corrected for multiple comparisons applied for the whole brain. Significant differences were defined at a corrected value of P\<=0.001 and size \>=10 voxels (80 mm^3^).

Results
=======

Clinical data
-------------

Two groups of subjects were studied, including eight subjects (seven females and one male) and seven subjects (two females and five males) belonging to the LC and HC groups, respectively *(Table I).* All clinical data including age, arterial blood pressure, heart rate, electrocardiographic recording, and other current physiological parameters (plasma potassium level and hepatic enzyme activities) were in the physiological range and identical in both groups. None of these parameters was significantly affected by caffeine or placebo. In addition, the clinical surroundings had no significant influence on anxiety levels, as assessed upon arrival, and neither did the dose of caffeine ingested and the insertion of the catheter for ECD injection, as assessed 45 min later. Subjects had a tendency to feel more alert after the ingestion of the caffeine-containing drink. The low level of caffeine before SPECT analysis confirmed that the patients had omitted the methylxanthine from their food and beverage for 12 h. Circulating levels of caffeine were increased by a factor of 8 to 13 at about 1 h after caffeine ingestion.

###### Clinical data of the subjects undergoing SPECT examinations for the effects of caffeine on cerebral blood flow

                                                     **Low consumption (0-1 cup/day) N = 8**   **Heavy consumption (\>4 cups/day) N = 6**
  ------------------- ------------------------------ ----------------------------------------- --------------------------------------------
  **Baseline data**   Age (y)                        27.6 ± 6.1                                30.0 ± 5.1
                      Arterial BP (mm Hg)                                                      
                      Systolic                       109.5 ± 13.3                              115.1 ± 10.6
                      Diastolic                      63.1 ± 4.5                                64.5 ± 5.9
                      Heart rate (beats/min)         70.6 ± 4.8                                68.1 ± 8.2
  **Placebo**         Arterial BP (mm Hg)                                                      
                      Systolic before placebo        118.1 ± 11.3                              117.1 ± 12.5
                      Systolic after SPECT           117.5 ± 20.5                              115.7 ± 12.7
                      Arterial BP (mm Hg)                                                      
                      Diastolic before placebo       75.6 ± 9.8                                71.3 ± 13.6
                      Diastolic after SPECT          77.1 ± 12.5                               75.7 ± 12.7
                      Heart rate (beats/min)                                                   
                      before placebo                 78.0 ± 9.0                                69.1 ± 10.8
                      after SPECT                    74.0 ± 10.7                               70.9 ± 9.2
                      Plasma caffeine level (mg/L)                                             
                      before placebo                 0.28 ± 0.24                               0.21 ± 0.15
                      after SPECT                    0.25 ± 0.27                               0.14 ± 0.13
  **Caffeine**        Arterial BP (mm Hg)                                                      
                      Systolic before caffeine       115.0 ± 7.6                               120.0 ± 14.1
                      Systolic after SPECT           116.3 ± 13.0                              125.0 ± 18.9
                      Arterial BP (mm Hg)                                                      
                      Diastolic before caffeine      69.4 ± 6.8                                77.1 ± 12.5
                      Diastolic after SPECT          68.8 ± 9.9                                77.1 ± 17.0
                      Heart rate (beats/min)                                                   
                      before caffeine                73.5 ± 9.6                                69.1 ± 10.5
                      after SPECT                    71.3 ± 8.9                                64.6 ± 8.8
                      Plasma caffeine level (mg/L)                                             
                      before caffeine                0.20 ± 0.14                               1.64 ± 0.80
                      after SPECT                    0.16 ± 0.12                               2.15 ± 1.06

SPECT data
----------

The consumption of caffeine led to a generalized decrease in perfusion levels of 6% to 8% which was of similar amplitude in both LC and HC groups (*Table II*). Compared with intraindividual variations of control subjects, these changes were not statistically significant.

###### Caffeine-induced changes in cerebral perfusion calculated as follows : (SPECT CAFFEINE - SPECT PLACEBO) / SPECT PLACEBO using SISCOM

                               **Low consumption (0-1 cup/day) n = 8**   **Heavy consumption (\>4 cups/day) n = 6**   **Student\'s t-test**
  ---------------------------- ----------------------------------------- -------------------------------------------- -----------------------
  Frontal cortex               -6%                                       -6%                                          NS
  Median cingular gyrus        0                                         -6%                                          NS
  Anterior insula              -7%                                       -7%                                          NS
  Amygdala and temporal lobe   -6%                                       -8%                                          NS
  Thalamus - hypothalamus      -6%                                       -6%                                          NS
  Nucleus accumbens            0                                         0%                                           NS
  Vermis                       0                                         -8%                                          NS

On the other hand, discrete perfusion increases corresponding to specific neuronal activation were found in specific regions. Indeed, when the LC caffeine group was compared with the control group (*[Figure 1](#DialoguesClinNeurosci-12-255-g001){ref-type="fig"}*), increases in perfusion occurred bilaterally in the inferior frontal gyrus-anterior insular cortex (predominantly on the right side) and in the uncus, on the left side in the internal parietal cortex, on the right side in the lingual gyrus and cerebellum. In the HC group compared with the control group, perfusion increases were located bilaterally in hypothalamus. When both caffeine groups were pooled and compared with the whole control group, significant perfusion increases occurred bilaterally in the inferior frontal gyrus-anterior insula, hypothalamus, right cerebellum, and left uncus (*[Figure 1](#DialoguesClinNeurosci-12-255-g001){ref-type="fig"}*).

![Caffeine-induced perfusion changes superimposed on transaxial slices of a standard MRI surface : left column : Low consumption (LC) group (n=8) vs control group (n=8); middle column : High consumption (HC) group (n=6) vs control group (n=6); right column : LC+HC group (n=14) vs control group (n=12)](DialoguesClinNeurosci-12-255-g001){#DialoguesClinNeurosci-12-255-g001}

Discussion
==========

The main findings of this study were the lack of significant differences in perfusion between caffeine-exposed subjects and controls, whether they were HC or LC, the lack of effects of the methylxanthine on the areas of reinforcing and reward and only very discrete changes in perfusion in areas mediating mainly anxiety, attention and vigilance, and cardiovascular function.

The vasoconstrictive properties of caffeine in the brain have been known for a long time, and caffeine has been shown to decrease cerebral blood flow in humans.^[@ref19]-[@ref23]^ Previous studies used the 133Xe-xenon inhalation technique,^[@ref22]^ positron emission tomography,^[@ref19]^ inversion recovery perfusion MR technique \[20\] and blood oxygenation level-dependent (BOLD) signal intensity changes in functional MRI (fMRI).^[@ref22],[@ref23]^ Recent papers studied the effects of caffeine on cerebral circulation since caffeine ingestion might be a source of errors in functional brain imaging experiments.^[@ref20],[@ref21],[@ref23]^

The present study showed a 6% to 8% statistically nonsignificant caffeine-induced decrease in perfusion. Several other studies reported caffeine-induced cerebral blood flow decreases ranging from 3.4% to 18%^[@ref19],[@ref20],[@ref22],[@ref24],[@ref25]^ but not consistently in all subjects.^[@ref22]^ The reasons for the discrepancies may have various origins. First, the hemodynamic response measured by different techniques (cerebral blood flow, BOLD contrast, or perfusion changes) is not directly comparable. Second, in most if not all studies, the same dose of caffeine was given to the subjects independently of body weight. Conversely, in the present study, the dose of caffeine ingested was adjusted to body weight, ie, 3 mg/kg. The third factor differing amongst the studies is the period of abstinence from caffeine. The latter was similar to the one applied here, ie, about 12 h in several studies,^[@ref19],[@ref23]^ very short, 2 to 3 hours in other studies,^[@ref22],[@ref24]^ or much longer, ie, 30 hours.^[@ref20],[@ref21]^ The period of abstinence may be an important factor in the effect of caffeine on cerebral blood flow, and has been a matter of concern in imaging studies over the last few years.^[@ref20],[@ref21]^ Indeed, the cerebral blood flow rates and velocities are increased during the withdrawal state, mainly in high users^[@ref20],[@ref26]^ and go back to baseline values after about 2 h.^[@ref26]^ Therefore the widespread lack of significance in the perfusion values recorded in the present study with and without caffeine may partly reflect the withdrawal state induced by the overnight caffeine deprivation imposed on the subjects. On the other hand, the discrete changes recorded in some brain areas after caffeine indicate the specific changes due to the methylxanthine.

In the present study, on a background of widespread statistically nonsignificant perfusion decrease, discrete increases in perfusion corresponding to specific neuronal activation could be identified. Brain activation was mostly seen in the LC group. In this group, significant activation was recorded in regions known to mediate anxiety like the inferior frontal gyrus-anterior insular cortex, the uncus, the lingual gyrus, and the cerebellum.^[@ref27],[@ref28]^

Simultaneously, many other regions involved in the regulation of anxiety levels, such as the amygdala, cingulate and orbitofrontal cortex, thalamus, and striatum, were not activated by caffeine. The inferior frontal gyrus-anterior insular cortex seems to play a role in anticipating aversive stimuli and in anxiety and emotion regulation.^[@ref29]^ Its activation was observed in different anticipatory anxiety induction protocols,^[@ref30]-[@ref32]^ and was totally different from the claustrum-posterior insular cortex activation observed in pharmacologically induced panic attacks with cardiovascular and visceral symptomatology^[@ref32]-[@ref34]^ Caffeine is known to be anxiogenic, at low doses in a subset of individuals and at quite large doses in most of the population.^[@ref35]^ The activation recorded only in a limited number of areas may reflect the fact that the subjects did not report increased anxiety after ingestion of the caffeinated drink. They could also imply that caffeine may specifically act at some given steps of the anxiety process, for example, at the anterior insular cortex for integration of internal state, parietal cortex for spatially specific associations, but does not reach, at this dose, the sensory-motor integration in thalamus and the initiation of action - since there is no defensive action required - depending on the anterior cingulate cortex.^[@ref28],[@ref36]^

Brain activation was observed in the internal parietal cortex of LC subjects and in the hypothalamus of HC subjects. These activations relate to changes in vigilance and attention. The parietal cortex is critical for attention and spatial updating. It is involved in visual representations of space in an eye-centered coordinate frame, and in providing a signal for directing the eyes towards these objects.^[@ref28],[@ref37]^ The hypothalamus mediates many vegetative functions as well as attention and vigilance. In our experience, hypothalamic activations were often associated with changes in attention and vigilance. These activations are in line with the known effects of caffeine on vigilance. Indeed, the pattern of consumption of caffeine throughout the day shows that caffeine is mostly consumed to increase the level of vigilance,^[@ref35]^ and caffeine is well known to impair sleep.^[@ref3],[@ref38]^ Likewise, caffeine focuses available attention and energy on the task to complete, mostly by limiting distracting external stimuli.^[@ref39]^

Finally, the anterior insular cortex, which was activated by caffeine, regulates cardiovascular function and respiratory rhythms. Numerous epidemiologic studies have focused on the effects of coffee and caffeine on cardiovascular risk, cholesterol, and blood pressure (for review see ref 40). The data currently available indicate that a

moderate caffeine intake does not adversely affect cardiovascular function. However, a recent meta-analysis on the relationship between coffee, caffeine, and blood pressure reported that caffeine consumption increases blood pressure by a mean value of 4.2 mm for systolic and 2.0 mm Hg for diastolic blood pressure.^[@ref41]^ In the present study, the values of systolic blood pressure slightly increased after caffeine, especially in the HC group, but because of the large interindividual variability, this slight change was not significant. In the present study, the main difference in caffeine-induced brain activation between LC and HC subjects was the involvement of hypothalamus which was the single region affected in HC, while perfusion was not affected in hypothalamus when the same amount of caffeine was given to LC. When both groups were pooled, the caffeine-induced brain activation was significant in all areas involved in the two groups.

In the present study, we did not record any brain activation or inhibition in the different components of the brain circuit of dependence. In the presurgical followup of a 20-year-old male epileptic patient with right temporal lobe epilepsy and seizures induced by compulsive smoking, we were incidentally able to show that nicotine induced clear focal brain activation in the nucleus accumbens, the key area involved in addiction and reward, while caffeine (3.5 mg/kg) did not induce change in brain activation in the nucleus accumbens (Marescaux, Namer, and Nehlig, unpublished data). Therefore, these earlier data plus the present data reflect that caffeine at doses representing about two cups of coffee in one sitting does not activate the circuit of dependence and reward and especially not the main target area, the nucleus accumbens.^[@ref10]-[@ref12]^ This lack of effect is present both in light and heavy coffee drinkers who had claimed that they felt "dependent" on coffee. This data is in agreement with our previous data on rats in which the doses of 2.5 and 5.0 mg/kg also failed to activate the circuit of dependence and reward.^[@ref15]^ It is also in good agreement with recent reviews reporting that caffeine acts as a mild stimulant that is able to restore mental alertness and wakefulness, mainly in situations with low alertness level.^[@ref8],[@ref42]^ Therefore, caffeine appears to be different from drugs of dependence like cocaine, amphetamine, morphine, and nicotine, and does not fulfil the common criteria or the scientific definitions to be considered an addictive substance.^[@ref42]^
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